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SOME ASPECTS OF THE ATMOSPHERIC CIRCULATION ON MARS 

By Wen Tang 

SUMMARY 

iferences concerning atmospheric circu,ation features on Mars are made 
from analysis and interpretation of some observed Martian cloud systems and 
from application of meteorological theory to the Martian atmosphere. The 
trajectories of several cloud systems and the use of two different theoret- 
ical criteria suggest the presence of a wave type circulation regime in the 
mean for the year on Mars. Cloud observations also suggest the presence of 
sub-tropical high pressure centers, upper level meridional flow at equatorial 
latitudes, and frontal cloud phenomena at equatorial latitudes. Theoretical 
estimates of the mean large scale zonal and meridional wind velocities yield 
values greater than on earth. Theoretical estimates of the maximum surface 
wind suggest a value greater than 100 m sec-1. Computations of the vertical 
velocity profile, based upon a simplified 1 1 ~ 1 1  equation, indicate greater 
large scale vertical velocities than on earth, and a "dynamic" tropopause 
height of about 20 km. 

INTRODUCTION 

Among the planets in the solar system, Mars is probably the one whose 
meteorology resembles that of the earth most closely. This is mainly due to 
the fact that the basic physical parameters on Mars, such as its size, axial 
inclination, angular velocity and distance from the sun, are not too much 
different from earth's. Therefore, based on the same meteorological princi- 
ples and theories for earth, one may infer some aspects of Martian meteoro- 
logy. 
observations that are useful in the development and testing of theoretical 
models. 

The relative closeness of the planet to the earth permits astronomical 

* 
Based on some radiometric and cloud movement observations, Hess [l] 

constructed the first surface temperature and flow pattern maps for Mars. 
The patterns on his isothermal and stream line charts resembled patterns in 
the terrestrial atmosphere. Mintz [2] made use of a theoretical model to 
study the circulation of the Martian atmosphere. 
ity of a symmetrical regime, he concluded that, in the mean for year on Mars, 
the general circulation will be in the symmetrical regime and dynamically 
stable. 

Studying the dynamic stabil- 

* 
Numbers in [ ] throughout the text indicate reference numbers. 



The purpose of t h e  p r e s e n t  work i s  t o  u t i l i z e  some r e c e n t  d a t a  a s  w e l l  
a s  past  obse rva t ions  t o  s tudy  v a r i o u s  problems r e l a t e d  t o  t h e  c i r c u l a t i o n  of 
t h e  Martian atmosphere. These problems inc lude  t h e  magnitude of the mean 
zona l  wind v e l o c i t y ,  t h e  p o s s i b l e  maximum s u r f a c e  wind speed i n  Storms, t h e  
p r o f i l e  of t h e  v e r t i c a l  v e l o c i t y ,  and t h e  e s t ima ted  h e i g h t  of t he  tropopause.  

In Sec t ion  1, some i n f e r e n c e s  a r e  made from cloud obse rva t ions  about  
s torm t r acks ,  p o s i t i o n  of s u b t r o p i c a l  h igh  c e n t e r ,  and t h e  e s t ima ted  h e i g h t  
of t h e  tropopause. The s l o p e  of a f r o n t  i n  t h e  Mart ian t r o p i c a l  r eg ion  i s  
computed and i s  d i scussed  i n  Sec t ion  2. I n  Sec t ion  3 ,  t h e  mean annual c i r c u -  
l a t i o n  regime i s  p r e d i c t e d  from es t ima tes  of t h e  magnitude of t h e  thermal 
Rossby number and t h e  r o t a t i o n  parameter. I n  Sec t ion  4 ,  t h e  mean and maximum 
wind v e l o c i t i e s  i n  a Mart ian storm a r e  computed, based on r e c e n t  d a t a  on t h e  
s u r f a c e  p re s su re  and t h e  r a d i a t i o n  budget. I n  Sec t ion  5, an e s t i m a t e  of t h e  
v e r t i c a l  v e l o c i t y  p r o f i l e  i s  presented.  This e s t i m a t e  i s  based upon computa- 
t i o n s  with an a d i a b a t i c  model i n  which a mean zonal  v e l o c i t y  p r o f i l e  i s  
assumed. From t h e  v e r t i c a l  v e l o c i t y  p r o f i l e ,  e s t i m a t i o n  of t h e  h e i g h t  of 
t h e  tropopause on Mars i s  der ived.  
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1. INFERENCES FROM CLOUDS 

Knowledge of c louds i s  o f  g r e a t  va lue  f o r  understanding t h e  atmosphere 
i n  which clouds and cloud systems form,grow, and d i s s i p a t e .  From t h e  l i f e  
h i s t o r y  and motion of c louds and cloud systems, one o b t a i n s  d i r e c t  informa- 
t i o n  on winds and c i r c u l a t i o n  phenomena. Information from Mart ian cloud 
obse rva t ions  can be used a s  d i r e c t  i n p u t s  f o r  t h e  t h e o r e t i c a l  s tudy  of t h e  
c i r c u l a t i o n  of t h e  Mart ian atmosphere; on the o t h e r  hand, any t h e o r e t i c a l  
models must be a b l e  t o  e x p l a i n  t h e  observed phenomena. 

I Severa l  observed displacements  of moving yel low cloud systems [3] a r e  
shown p l o t t e d  on maps of Mars i n  F igu re  1.. The Southern Hemisphere, i nd i -  
c a t e d  by t h e  nega t ive  l a t i t u d e  numbers, i s  on t h e  top;  t h e  Northern Hemisphere, 
i n d i c a t e d  by t h e  p o s i t i v e  l a t i t u d e  numbers, is on t h e  bottom. The t i m e  of 
y e a r  f o r  ca ses  A and B corresponds t o  Southern Hemisphere summer, while  t he  
t i m e  of y e a r  f o r  C, D'  and D corresponds t o  Northern Hemisphere summer on 
Mars. DeVaucouleurs [3] a l s o  mentions two o t h e r  cloud systems, one i n  J u l y ,  
1929 and one i n  October, 1926 t h a t  formed i n  the  same l o c a t i o n s  and followed 
s i m i l a r  pa ths  as cloud systems A and B i n  Figure 1. I n  a d d i t i o n  t o  these  
da t a ,  deVaucouleurs [ 4 ]  r e p o r t e d  t h a t  i n  t h e  1958 o p p o s i t i o n  clouds were a g a i n  
found i n  t h e  same reg ion  and during t h e  same season a s  shown i n  cases  A and 
B i n  F i g u r e  1. 
1907, t h e  cloud systems formed a t  low l a t i t u d e s  o f  t h e  w i n t e r  hemisphere. 
I n  a l l  c a s e s  except D ' ,  t h e  c louds moved ac ross  t h e  equator ,  and then  s t a r t e d  
t o  curve toward t h e  e a s t  a t  middle l a t i t u d e s  o f  t h e  summer hemisphere. Except 
f o r  t h e  r eg ion  of formation, t h e  behavior  of t h e s e  cloud systems i s  s i m i l a r  
t o  t h e  t r o p i c a l  cyclones i n  t h e  e a r t h ' s  atmosphere. 
phere,  t r o p i c a l  cyclones form a t  low l a t i t u d e s  o f  t h e  summer hemisphere and 
move toward middle l a t i t u d e s  where they  g e n e r a l l y  curve toward t h e  e a s t .  

I 

I n  a l l  e i g h t  cases except  f o r  c a s e s  D '  and t h e  c a s e  of J u l y ,  

I n  t h e  e a r t h ' s  atmos- 

, What kind of me teo ro log ica l  conditioris would account  f o r  t h e  unusual 
c r o s s - e q u a t o r i a l  movement of t h e s e  cloud systems? 
b l e  sequences of even t s  t h a t  may account f o r  t h e  observed behavior.  

Le t  us  cons ide r  two possi-  

I n  t h e  f i r s t  p o s s i b l e  sequence, t h e  dust c loud i s  considered t o  be t h e  
v i s i b l e  m a n i f e s t a t i o n  of a c y c l o n i c  s torm t h a t  forms a t  low l a t i t u d e s  o f  t h e  
w i n t e r  hemisphere on Mars. Formation and i n t e n s i f i c a t i o n  of t he  s torm may be 
due t o  t h e  growth of an  u n s t a b l e  e a s t e r l y  wave i n  a f a s h i o n  s i m i l a r  t o  what 
happens i n  t h e  t r o p i c a l  west P a c i f i c  Ocean during w i n t e r  on e a r t h .  Dust i s  
r a i s e d  by t h e  convergence and upward motion i n  t h e  c e n t e r  o f  t he  storm and i s  
thrown outward by t h e  divergence t ak ing  place a t  t h e  upper l e v e l s .  The move- 
ment of t h e  s torm w i l l  be c o n t r o l l e d  by the upper l e v e l  f low p a t t e r n ;  i f  t h e  
upper level wind f i e l d  i s  a s  i l l u s t r a t e d  i n  F igu re  2, w i t h  broad cross-  
e q u a t o r i a l  f low from w i n t e r  t o  summer hemisphere, t h e  s torm w i l l  be s t e e r e d  
toward t h e  equa to r .  Such an  upper l e v e l  flow p a t t e r n  t y p i c a l l y  occur s  i n  
t h e  e a r t h ' s  atmosphere when a typhoon i s  formed dur ing  t h e  w i n t e r  season [51. 
F i g u r e  3 i l l u s t r a t e s  t h e  observed upper l e v e l  f low f o r  such a s i t u a t i o n .  A s  
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Figure 1. Observed displacement and relative sizes of moving cloud 
systems (the arrows represent the* tracks of the movement 
of the cloud systems; the heavy dotted curves represent 
the relative sizes of the cloud systems; the numbers beside 
the curves represent the dates of the month) [ 3 ] .  

4 



WINTER HEMISPHERE 

EQUATOR 

SUMMER HEMISPHERE 

Figure 2. Schematic pattern of relative positions of anticyclonic centers 
and col areas required for cross-equatorial flow. 
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Figure 3. Equatorial 200 mb streamline on earth, 27 September 1945 [6]. 



t h e  Mart ian s torm approaches t h e  equator ,  i t s  r e l a t i v e  v o r t i c i t y  and, hence, 
i t s  winds, dec rease  r a p i d l y .  A t  t h e  equator  t h e r e  may be no storm a t  a l l  a t  

'the su r face ,  b u t  a t  t h e  upper l e v e l s ,  the divergence f i e l d  may remain i n t a c t  
a s  i t  i s  advected a c r o s s  t h e  equator .  A f t e r  c r o s s i n g  t h e  equa to r ,  t he  upper 
l e v e l  divergence f i e l d  may induce convergence a t  t h e  lower l e v e l s ,  and the  

c y c l o n i c  v o r t i c i t y  and behaves l i k e  a t r o p i c a l  storm on e a r t h .  
I storm may r e g e n e r a t e  i t s e l f .  A s  i t  moves toward h i g h e r  l a t i t u d e s ,  i t  ga ins  

I 
I 

I n  t h e  second p o s s i b l e  sequence o f  events,  t h e  d u s t  cloud i s  considered 
t o  be gene ra t ed  by t h e  s t r o n g  winds o f  a cold, h igh  p r e s s u r e  a r e a  moving 
equatorward. This s i t u a t i o n  would be s i m i l a r  t o  wind s w e p t  blowing d u s t  
c o n d i t i o n s  found i n  Northern China. A f t e r  the Mart ian cloud system passes  
t h e  equator ,  i t  w i l l  f o l low a t r a j e c t o r y  around t h e  pe r iphe ry  of t h e  sub- 
t r o p i c a l  h igh  p r e s s u r e  a r e a s  on Mars. A s  i n  t h e  f i r s t  sequence of events ,  
t h e  c y c l o n i c  v o r t i c i t y  of t h e  d u s t  cloud system w i l l  i n c r e a s e  a s  t h e  system 
moves toward middle l a t i t u d e s .  A t r u e  cyc lon ic  s torm w i l l  form. A t  t h e  
p r e s e n t  t i m e ,  both p o s s i b l e  sequences of events must be considered a s  specu- 
l a  t ion. 

The observed v e l o c i t i e s  of t he  cloud sys tems d i scussed  above a r e  shown 
i n  Table 1. 
cloud systems a r e  m a n i f e s t a t i o n s  o f  cyc lon ic  storms, a s  seems probable  f o r  
t h e  c a s e s  d i scussed  above, t h e i r  movements would be r e p r e s e n t a t i v e  o f  t h e  
s torm movement r a t h e r  t han  t h e  wind speed wi th in  t h e  storm, On e a r t h ,  f o r  
example, t h e  speeds of c y c l o n i c  s torm movement a r e  l e s s  t han  t h e  speeds of 
t h e  wind f i e l d  i n  which t h e  storm is  imbedded. Thus, t h e s e  observed speeds 
f o r  Mart ian yel low cloud systems are probably l e s s  t han  t h e  a c t u a l  wind 
v e l o c i t i e s  w i t h i n  t h e  storms, and a l s o  probably l e s s  t han  t h e  wind v e l o c i t i e s  
i n  t h e  flow f i e l d  i n  which t h e  storm i s  imbedded. 

The average speed i s  about 20 to  30 km hr-1.  I f  t h e  yel low 

An i n t e r e s t i n g  Mart ian cloud p a t t e r n  is  shown i n  F i g u r e  4 [71. This  
W-shaped and r i b b o n - l i k e  yel low cloud was observed on 29 August 1956. 
p a t t e r n  i s  ve ry  s i m i l a r  t o  t h e  j e t - s t r e a m  p a t t e r n  i n  t h e  upper t e r r e s t r i a l  
atmosphere and t o  wave p a t t e r n s  c r e a t e d  i n  l a b o r a t o r y  dishpan experiments 
t h a t  a t t empt  t o  s imula t e  atmospheric flow p a t t e r n s .  This sugges t s  t h a t  a 
c i r c u l a t i o n  o f  wave regime e x i s t s  on Mars and impl i e s  t h a t  Martian cyc lon ic  
c e n t e r s  w i l l  move from low l a t i t u d e s  toward and a c r o s s  t h e  j e t - s t r e a m  on a 
t r a c k  s i m i l a r  t o  t h e  ones shown i n  F igu re  1. 

This 

Besides t h e s e  o b s e r v a t i o n s  of t h e  h o r i z o n t a l  motion o f  t h e  cloud systems, 
t h e r e  a r e  i n t e r e s t i n g  o b s e r v a t i o n s  of t h e  v e r t i c a l  development of clouds.  
From such o b s e r v a t i o n s ,  a d d i t i o n a l  meteorological  i n fo rma t ion  can be deduced. 
I n  F i g u r e  5, a r e  shown examples of c louds observed on t h e  morning t e rmina to r  
C31. 
s u r f a c e ,  extended more than  40 degrees i n  long i tude  and remained v i s i b l e  f o r  
t h r e e  hours  w i t h  a top  a t  about  27 km. I n  t h e  second case ,  a l though t h e  
h i g h  cloud s e p a r a t e d  from t h e  s u r f a c e ,  i t  s t i l l  remained t i l t e d  l i k e  a 
f r o n t a l  c loud,  and extended t o  a h e i g h t  of a t  l e a s t  30 km. These observa- 
t i o n s  show t h a t  t h e s e  clouds extend t o  very h igh  a l t i t u d e s  and have s l o p i n g  
s u r f a c e s  j u s t  l i k e  a schematic  t e r r e s t r i a l  f r o n t .  

It was r epor t ed  t h a t  t h e  d u l l  g rey  cloud, s l o p i n g  upward from t h e  

7 



TABLE 1 

OBSERVED VELOCITIES OF SOME XIVING CLOUD SYSTEMS* 
(based on [3] and [4]) 

Case Date Displacement Velocity km hr-' Remarks 

A 

B 

C 

D' 

D 

E 

F 

11-14 October 1911 

14-18 October 1911 
18-20 October 1911 

12-13 November 1941 

13-17 November 1941 

17-24 November 1941 

24-28 November 1941 

9-12 July 1922 

2-5 May 1937 

25-29 May 1937 

25-26 October 1926 

14-15 October 1958 

15-16 October 1958 

16-17 October 1958 

2000 - 2500 
1000 - 1500 

0 - 500 
1200 - 1800 
2000 - 2500 
1500 - 2000 
1500 - 2000 
1200 - 1500 

7 20 

1200 

1800 - 2400 
1000 - 1200 
1500 - 1800 
500 - 800 

30 

13 
5 

60 

23 

10 

18 

18 (36) 

10 

13 

90 

50 

70 

24 

Yellowish- 

white color 

Ye 1 lowish 

Creamy- wh i t e 

Bright- whit e 

Bright-white 

Yellowish 

Bright- white 

* 
Cases A, B, C, D', and D corresponding to that of Figure 1. 
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I f  t h e  clouds a r e  f r o n t a l  c louds ,  then the h e i g h t s  t o  which they extend 
ake i n d i c a t i v e  o f  t h e  h e i g h t  of t h e  tropopause on Mars. 
sugges t  a tropopause h e i g h t  of about 30 km a t  low l a t i t u d e s .  I f  t h i s  i n t e r -  
p r e t a t i o n  i s  c o r r e c t ,  t he  h e i g h t  of t h e  tropopause on Mars i s  a t  l e a s t  twice 
t h a t  of e a r t h .  

The obse rva t ions  

I n  summary, we make t h e  fol lowing in fe rences  on Martian c i r c u l a t i o n  
f e a t u r e s ,  based upon o u r  i n t e r p r e t a t i o n  of the o b s e r v a t i o n s  of Mart ian clouds.  

(1) There i s  a tendency f o r  dus t  cloud systems t o  form a t  low l a t i t u d e s  
of t h e  w i n t e r  hemisphere. These d u s t  c louds are  probably formed a s  a r e s u l t  
o f  c y c l o n i c  storms o r  t h e  s t r o n g  winds of a po la r  outbreak.  These cloud 
systems move a c r o s s  t h e  equa to r ,  e n t e r  t he  oppos i t e  hemisphere, and curve 
toward t h e  e a s t  a t  m i d - l a t i t u d e s .  Curvature toward t h e  e a s t  sugges t s  t h e  
presence of Martian s u b t r o p i c a l  h igh  p res su re  a r e a s  s i m i l a r  t o  those on t h e  
e a r t h .  The t r a n s e q u a t o r i a l  d r i f t  of t h e s e  cloud systems i s  i n d i c a t i v e  of 
mer id iona l  f low i n  t h e  upper p a r t  of t h e  Martian e q u a t o r i a l  atmosphere. 
S i m i l a r  f low cond i t ions  occur  i n  t h e  P h i l i p p i n e  I s l a n d s  a r e a  on t h e  e a r t h  
during l a t e  f a l l  o r  w in te r .  

o f  s torm movements on Mars, t hen  t h e  average d r i f t  v e l o c i t y  - about 20-30 
km h r - 1  - of  t h e  cloud systems i s  probably l e s s  t han  t h e  speed o f  t h e  broad 
c u r r e n t  i n  which t h e  s t o n n  i s  imbedded. 

t h e  wave regime, a s  i s  t h e  e a r t h ' s .  

Mars. Thus, f r o n t s  maybe a t y p i c a l  meteorological  phenomena o f  t h e  Martian 
atmosphere. These cloud systems can extend to  30 km; i f  t h i s  h e i g h t  i s  i n t e r -  
p r e t e d  a s  t h e  h e i g h t  of t h e  Mart ian tropopause then  t h e  Martian tropopause i s  
twice a s  h igh  up a s  t h e  e a r t h ' s  tropopause.  

(2) I f  t h e  observed movements of t hese  yel low clouds a r e  r e p r e s e n t a t i v e  

(3) It appears  t h a t  t h e  g e n e r a l  c i r c u l a t i o n  on t h e  p l a n e t  Mars i s  i n  

( 4 )  Cloud systems analogous t o  f r o n t a l  cloud systems on e a r t h  ex is t  on 

These o b s e r v a t i o n a l  i n f e r e n c e s  w i l l  be compared w i t h  t h e o r e t i c a l  i n f e r -  
ences which a r e  made i n  t h e  next  few sec t ions .  

11 



2. THE SLOPE OF A FRONT 

The cloud p i c t u r e s  shown i n  Case 1 of  Figure 5 resemble t h e  t e r r e s t r i a l  
I f r o n t ,  which i s  c h a r a c t e r i z e d  by i t s  coverage of a l a r g e  a r e a  and by t h e  

s lop ing ,  r e l a t i v e l y  narrow cloud band above i t s  s u r f a c e .  Furthermore, t h e  
f a c t  t h a t  t h e s e  phenomena a r e  observed on the t e rmina to r  sugges t s  t h a t  t hey  
a r e  no t  convect ive clouds f o r  t h e  fol lowing reasons.  Convection must be 
weakest a t  t h e  time of s u n r i s e  on a d e s e r t - l i k e  p l a n e t .  
narrow cloud band bea r s  no resemblances t o  a convect ive cloud wi th  s t r o n g  

A l s o ,  t h e  s l o p i n g  

I v e r t i c a l  development a s  observed on the ea r th .  

The s l o p e  of a t e r r e s t r i a l  f r o n t  a t  middle l a t i t u d e s  i s  about 1/50 t o  
1/100. 
t han  1/50 t o  1/100. 
Figure  5 i s  t h a t  they a r e  loca t ed  i n  the  e q u a t o r i a l  region.  On e a r t h ,  f r o n t s  
and f r o n t a l  cloud systems a r e  u s u a l l y  no t  found i n  e q u a t o r i a l  r eg ions .  

The s lopes  of t he  Martian cloud systems i n  F igu re  5 a r e  much g r e a t e r  
Another i n t e r e s t i n g  f e a t u r e  of t h e  cloud systems i n  

Now l e t  us determine i f  t h e  observed s lope o f  t h e  cloud system i s  com- 
p a t i b l e  w i th  t h e  s l o p e  of a f r o n t  a s  determined from f r o n t a l  theory.  

on ly  a p p l i c a b l e  t o  cases  a t  middle l a t i t u d e s .  
s t r o p h i c  approximation i s  not  v a l i d ,  and one must i nc lude  the  advec t ive  terms 
i n  t h e  equa t ion  f o r  t h e s l o p e o f  a f r o n t .  

The 
I conven t iona l  formula wi th  geos t roph ic  approximation, f o r  a f r o n t a l  s l o p e  i s  

For  low l a t i t u d e s ,  t h e  geo- 

The expres s ion  f o r  t h e  s l o p e  of an east-west f r o n t  a t  low l a t i t u d e s ,  can 
be w r i t t e n  a s  

+(PIV1 - P2V2)g- + g(P1 - P2> 

where Q: = t h e  ang le  between t h e  f r o n t a l  s u r f a c e  and t h e  h o r i z o n t a l  s u r f a c e .  
p = dens i ty .  
f = C o r i o l i s  parameter. 
cp = l a t i t u d e .  
g = g r a v i t a t i o n a l  cons t an t .  

x ,y  = t h e  coord ina te  system i n  which x and y a r e  i n  t h e  d i r e c t i o n  normal 
and p a r a l l e l  t o  t he  s u r f a c e  f r o n t  i n  t h e  h o r i z o n t a l  s u r f a c e  respec- 
t i v e l y .  (Assume x p o i n t s  toward n o r t h  and y p o i n t s  west) .  

U,V = v e l o c i t i e s  a long x- and y - d i r e c t i o n  r e s p e c t i v e l y ,  

and , 
s u b s c r i p t s  1 and 2 denote  t h e  co ld  and w a r m  a i r  masses r e s p e c t i v e l y .  
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A t  low l a t i t u d e s ,  one would expect  a ve ry  sma l l  h o r i z o n t a l  d e n s i t y  con- + 

t r a s t  because of small  temperature  g r a d i e n t s ,  and, t h e r e f o r e ,  one can assume 
t h a t  

Furthermore, we may assume t h a t  t he  mean warm a i r  v e l o c i t y  normal t o  t h e  
f r o n t ,  U2, i s  n e g l i g i b l y  small  and t h a t  t h e  mean v e l o c i t y  g r a d i e n t  i n  t h e  co ld  
a i r  i s  constant ,  say c. With t h e s e  approximations,  t h e  s l o p e  of t h e  f r o n t  
can be w r i t t e n  a s  

C I  U J  

2w cos cp(V, - v2> t a n  Q: 2 t a n  cp + 

The va lue  c may be est imated a s  

-1 - -  x I O - ~  s e c  . aul - 10 m s e c - l  - c = - -  
Ax 2000 km 2 

F u r t h e r  assume 

- 1  lull = 40 m s e c  . 
- 1  V1-V2 = 10 m s e c  . 
- 4  -1 20 = 1.5 x 10 s e c  . 

0 cp = 5 l a t i t u d e .  

Then 

and 
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. 
This va lue  ag rees  w e l l  w i th  t h e  s lope  of clouds shown i n  F igu re  5. The 
assumptions made i n  the d e r i v a t i o n  of t h i s  value a r e  a l l  reasonable  ones,  
and, t h e r e f o r e ,  i t  must be concluded t h a t  the observed cloud systems may be 
r e p r e s e n t a t i v e  of Mart ian f r o n t a l  phenomena. 

The r eason  f o r  t h e  h igh  f r o n t a l  s l o p e ,  compared t o  m i d - l a t i t u d e  f r o n t a l  
s l o p e s  i n  t h e  e a r t h ' s  atmosphere, i s  t h a t  the Mart ian f r o n t  i s  loca ted  a t  low 
l a t i t u d e s ,  where d e n s i t y  c o n t r a s t s  a r e  presumably small  and t h e  e f f e c t  of 
advec t ion  i s  more important t han  t h e  C o r i o l i s  e f f e c t .  

If t h e s e  clouds a r e  indeed f r o n t a l  clouds,  they a r e  formed by condensa- 
t i o n  processes  during up -g l ide  motion along the  f r o n t .  Hence, t hey  would be 
composed of a condensable substance such a s  water  vapor r a t h e r  than d u s t .  
The cloud of Case 1 of F igu re  5 had a du l l -g rey  c o l o r ,  i n  agreement wi th  an  
i c e  c r y s t a l  composition, t he  cloud of Case 2 was dark yel low i n  co lo r ,  which 
sugges t s  t h e  p o s s i b i l i t y  of d u s t  mixed with i c e  p a r t i c l e s .  

I The f a c t  t h a t  cloud system 1 of Figure 5 disappeared t h r e e  hours a f t e r  
s u n r i s e  l eads  f u r t h e r  credence t o  an i c e  c r y s t a l  composition; with t h e  r i s e  
of t h e  sun and s o l a r  h e a t i n g ,  a t h i n  i c e  c r y s t a l  cloud would evaporate ,  
whereas a d u s t  cloud would n o t  be a f f e c t e d .  

Although r a r e ,  f r o n t a l  phenomena extending t o  e q u a t o r i a l  r eg ions  on 
e a r t h  a l s o  occur.  They u s u a l l y  occur  during t h e  w i n t e r  a s  t h e  r e s u l t  of an  
unusual ly  cold ou tb reak  moving f a r  south.  These occurrences a r e  l i m i t e d  t o  
t h e  huge land masses of t h e  Northern Hemisphere, e s p e c i a l l y  Asia. For 
example, i t  i s  n o t  t oo  unusual f o r  a f r o n t a l  cloud cover t o  extend from Indo- 
China t o  the  Yellow River  r eg ion  during winter  - t h a t  i s ,  from 10°N t o  35ON, 
which i s  comparable t o  t h e  cloud system of Case 1 i n  F igu re  5 .  Since such 
f r o n t a l  phenomena occur  ove r  huge land masses on e a r t h ,  and s i n c e  t h e  Mart ian 
s u r f a c e  i s  one huge land mass, t h e r e  i s  f u r t h e r  j u s t i f i c a t i o n  f o r  s u s p e c t i n g  
t h a t  t h e  observed cloud systems of Figure 5 a r e  indeed f r o n t a l  clouds.  
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3.  THE CIRCULATION REGIME 

For p l a n e t a r y  s c a l e  motion, t he  t e r r e s t r i a l  atmosphere i s  i n  a s t a t e  of 
quas i -geos t roph ic  balance.  It i s  of i n t e r e s t  t o  determine whether t h e  l a r g e  
s c a l e  Mart ian atmospheric motions a r e  i n  a s i m i l a r  s t a t e  of quas i -geos t roph ic  
balance.  The c r i t e r i o n  f o r  such a balance i s  based on a non-dimensional 
number - t h e  Rossby number,% - which is  the r a t i o  o f  t h e  i n e r t i a l  f o r c e  t o  
the  C o r i o l i s  f o r c e  f o r  a given flow of a r o t a t i n g  f l u i d .  
a s  

It may be w r i t t e n  

U Ro = - f L  

where U i s  a c h a r a c t e r i s t i c  v e l o c i t y ,  f t h e  C o r i o l i s  parameter and L a charac- 
t e r i s t i c  length.  This number was f i r s t  used e x p l i c i t l y  i n  meteorology f o r  t h e  
s c a l e  a n a l y s i s  of atmospheric motion by Charney 181. I n  t h e  t e r r e s t r i a l ,  R, 
i s  about 1/10 o r  l e s s ,  which means t h a t  t h e  i n e r t i a l  a c c e l e r a t i o n  - U2/L - 
i s  one o r d e r  of magnitude s m a l l e r  than t h e  C o r i o l i s  a c c e l e r a t i o n  - fU. As a 
consequence, t h e  equa t ion  of motion may be s i m p l i f i e d  by n e g l e c t i n g  t h e  i n e r -  
t i a  term, i .e . ,  t h e  C o r i o l i s  f o r c e  balances j u s t  t h e  p re s su re  g r a d i e n t  fo rce .  
The s m a l l e r  t h e  Rossby number, t h e  b e t t e r  the correspondence o f  t h e  motion t o  
geos t roph ic  cond i t ions .  The Rossby number may be expressed i n  d i f f e r e n t  ways. 
I f  t h e  i n e r t i a  f o r c e  due t o  t h e  thermal wind i s  used, t hen  i t  i s  c a l l e d  

modeling c r i t e r i o n  i n  l a b o r a t o r y  experiments of t h e  g e n e r a l  c i r c u l a t i o n  of 
t h e  atmosphere. The l a b o r a t o r y  f l u i d  annulus experiment i s  dynamically 
s i m i l a r  t o  t h e  atmosphere of a r o t a t i n g  p l ane t  because both c i r c u l a t i o n s  a r e  
the rma l ly  dr iven.  Since both t h e  atmosphere and l a b o r a t o r y  experiment a r e  
the rma l ly  d r iven ,  t h e  thermal Rossby number can be app l i ed  i n  e i t h e r  case.  
When t h e  thermal  Rossby number i s  of the o rde r  of 0 .1  o r  less,  t h e  hydro- 
dynamic equa t ion  of a r o t a t i n g  f l u i d  can be s i m p l i f i e d  t o  t h e  geos t roph ic  
wind equa t ion  [9]. 
i n v e s t i g a t e  t h e  c i r c u l a t i o n  regime of t h e  r o t a t i n g  f l u i d  - t h a t  i s ,  t o  
determine whether t h e  g e n e r a l  c i r c u l a t i o n  i s  i n  a symmetrical  o r  wave regime. 
By e s t i m a t i n g  t h e  thermal  Rossby number of t h e  Mart ian atmosphere, w e  can 
determine whether t h e  motions a r e  geostrophic  and t h e  type o f  c i r c u l a t i o n  
regime. 

thermal Rossby number." This  number was o r i g i n a l l y  developed a s  a b a s i c  11 

Furthermore, we can use t h e  thermal  Rossby number t o  

* 
The l a b o r a t o r y  model v e r s i o n  of t h e  thermal Rossby number, ROT, may be 

w r i t t e n  a s  601 
g Cl (ArT) H - * 

RoT - (roo) f A r  
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where g = g r a v i t a t i o n a l  a c c e l e r a t i o n .  
a = c o e f f i c i e n t  of volume expansion of t he  f l u i d .  

4 T  = r a d i a l  temperature d i f f e r e n c e .  
H = depth of t he  f l u i d .  

Q =  a b s o l u t e  r o t a t i o n  of t h e  coord ina te  system. 
f = C o r i o l i s  parameter. 

Ar = width of t h e  f l u i d  l a y e r  i n  t h e  r a d i a l  d i r e c t i o n .  

ro = maximum rad ius .  

To apply t h i s  expres s ion  t o  an atmosphere, we must s u b s t i t u t e  f o r  4 - T  
t h e  temperature d i f f e r e n c e  between equa to r  and pole;  f o r  ro t h e  r a d i u s  of t h e  
p l a n e t ;  f o r  Ar t h e  d i s t a n c e  between equa to r  and pole;  and f o r  H t h e  s c a l e  
h e i g h t  of the atmosphere. For t h e  Mars' atmosphere t h e  fol lowing numerical  
v a l u e s  a r e  appropr i a t e :  

- 2  
g = 3.8 m s e c  

a = 1/200 

4 H =  20 k m =  2 x  10 m 

6 ro = r a d i u s  = 3.4 x 10 m 

= 6.4 x s e c - l  2.rr 
24.5 hour 

Q =  

- 4  -1 f = 0.9 x 10 s e c  

II 6 
2 0  & = -  r = 5.1 x 10 m. 

For a mean s u r f a c e  temperature d i f f e r e n c e  between t h e  equa to r  and pole ,  30C, 
a s  given by Ohring, Tang, and DeSanto [ll] and wi th  t h e  assumption t h a t  t h e  
v e r t i c a l l y  averaged temperature d i f f e r e n c e  between t h e  e q u a t o r  and po le  i s  
two t h i r d s  of t he  above q u a n t i t y ,  i . e .  20C, w e  o b t a i n  TT = 0.073. For a 
temperature d i f f e r e n c e  of 22C, computed from Mintz 's  [ 2  temperature  d i s  tri- 
but ion,  the thermal Rossby number i s  inc reased  by 10%. These v a l u e s  a r e  
compatible wi th  t h e  va lues  o f  t h e  thermal Rossby number f o r  t h e  t e r r e s t r i a l  
atmosphere, which a r e  shown i n  t h e  fo l lowing  t a b l e  ( A f t e r  F u l t z  e t  a l . ,  [lo], 
based upon Mintz 's  1121 da ta  f o r  1949):  

Season I * 
Ro T 

Summer 0.027 

Winter 0.054 
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* 
Since %T i n  t h e  Martian atmosphere i s  of the same o r d e r  of magnitude a s  i n  

bably i n  quas i -geos t roph ic  equ i l ib r ium,  a s  on t h e  e a r t h .  With t h e  computed 
thermal Rossby number,R&, and t h e  r o t a t i o n  parameter, G* = F-1 = g(roQ2)-1,  
(F = Froude number), one can determine whether t h e  c i r c u l a t i o n  regime i s  a 
symmetrical  o r  wave type;  and, i f  i t  i s  a wave regime, one can determine t h e  
p r e f e r r e d  wave number. T r a n s i t i o n  curves f o r  d i f f e r e n t  wave numbers based on 
t h e  experimental  r e s u l t s  of F u l t z  e t  a l .  [I31 a r e  shown i n  F igu re  6. 
coo rd ina te s  a r e  (G*)-land E&. 
Mars, (G*)- l  i s  approximately 4.3 x 
computed R:T, w e  o b t a i n  t h e  r e s u l t  t h a t  t he  Mart ian atmosphere i s  i n  a wave 
regime wi th  a p r e f e r r e d  wave number of about fou r ,  which i s  c l o s e  t o  the wave 
number f o r  t h e  t e r r e s t r i a l  g e n e r a l  c i r c u l a t i o n .  

' t h e  e a r t h ' s  atmosphere, t h e  mean annual atmospheric motion on Mars i s  pro- 

I 

The 
Based on the p h y s i c a l  parameters o f  the p l a n e t  

From (G*)-I and t h e  p rev ious ly  

I On t h e  o t h e r  hand, Mintz [ Z ]  reached a d i f f e r e n t  conclusion.  From con- ' 
~ 

s i d e r a t i o n  of thermal e q u i l i b r i u m  he derived a c r i t e r i o n  f o r  the s t a b i l i t y  
of a symmetrical  c i r c u l a t i o n  regime a s  follows: 

s t a b l e  < 
'Q ' OQcr i t .  u n s t a b l e  

I where AQ = a c t u a l  t o t a l  poleward h e a t  t r a n s p o r t ,  

AQcr i t .  = c r i t i c a l  va lue  of t o t a l  poleward h e a t  t r a n s p o r t .  

I f  t h e  symmetrical c i r c u l a t i o n  regime i s  uns t ab le ,  a wave type regime w i l l  
p r e v a i l  . 

The c r i t i c a l  v a l u e  of t h e  t o t a l  poleward h e a t  t r a n s p o r t  can be w r i t t e n  
a s  

where g =  

K =  

* 
R =  

- cv 

T2 - 

PZ - 
- 

S =  

g r a v i t a t i o n a  1 a c c e l e r a t i o n .  

Poisson constant .  R* - =  
m c  

u n i v e r s a l  gas constant .  
P 

mean temperature a t  t h e  middle l e v e l  of t h e  atmosphere. 

c o e f f i c i e n t  of eddy v i s c o s i t y  a t  t h e  middle l e v e l  of t h e  
atmosphere. 

(1 - ') = s t a t i c  s t a b i l i t y .  
'd 
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Figure 6. Experimental transition curves for fluid in a tall 
annulus [ 131. 
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Using 

- = a d i a b a t i c  v e r t i c a l  temperature  g rad ien t .  
C Yd - - 
P 

m = mean molecular  weight. 

c = s p e c i f i c  h e a t  a t  cons t an t  p re s su re .  
P 
il = angu la r  v e l o c i t y  o f  the p l a n e t .  

-1 R = 7.1 x s e c  . 
g = 3 . 8  m s e c  . - 2  

-1 -1 p2 = p 2 ( e a r t h )  = 220 g sec cm . 
- =  R* 297 m2 s ec -2  deg-l .  

m 
1 = -3.8C km- . 'd 

, 
Mintz o b t a i n s  

-1 
= 0.17 x 1 O I 2  k j  s e c  . %,it. 

AQ, based on a computation of t h e  mean annual r a d i a t i o n  budget, i s  

-1 AQ = 0.12 x 1 0 l 2  k j  s e c  . 

Therefore ,  he concludes '  t h a t ,  i n  t h e  mean f o r  t h e  y e a r  on Mars, AQ < AQcrit J 

and t h e  c i r c u l a t i o n  i s  i n  t h e  symmetrical regime and w i l l  be dynamically 
s t a b l e .  

It i s  n o t i c e d  t h a t  AQcrit. i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o e f f i c i e n t  
of eddy v i s c o s i t y ,  p , a t  t he  middle l e v e l  of t h e  atmosphere. The v a l u e  of 
P2 assumed by Mintz i s  220 g s e c - l  cm-l and i s  adopted from Palmin [14]. 
However, l a t e r  Palm6n [Is] assumed p = 100 g sec'l cm-l i n  the  computation 
f o r  t h e  mean f r i c t i o n a l  d i s s i p a t i o n  i n  the l a y e r  1-12 km i n  t h e  t e r r e s t r i a l  
atmosphere. 
Haurwitz [18] and r e c e n t l y  PalmAn [15] have assumed t h a t  p i s  approximately 
100 g s e c - 1  cm-1 i n  t h e  f r e e  atmosphere o r  even i n  t h e  p l a n e t a r y  boundary 
l a y e r  on t h e  e a r t h  a s  shown i n  Table 2. 

2 

Other workers, such a s  Schmidt [16], Rossby and Montgomery [17]J 
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TABLE 2 

DYNAMIC COEFFICIENT OF EDDY VISCOSITY I N  VERTICAL 
DIRECTION ASSUMED BY VARIOUS WORKERS 

Source 
Dynamic C o e f f i c i e n t  of Eddy 

V i s c o s i t y  i n  V e r t i c a l  D i r e c t i o n  
p(g s e c - 1  cm-1)  

Schmidt [ 161 100 

Rossby & Montgomery 1171 50 

L e t t a u  [19] 70 ( g r a d i e n t  wind 

Haurwitz 118 1 116 

l e v e l )  

Palmin [141 2 20 

Palm& 1151 100 



- 1  -1 - 1  -1 I f  p, = 100 g sec cm i s  used i n s t e a d  of 220 g sec cm of  Mintz ' s  
c r i t e r i o n ,  t hen  AQ >AQcrit. and t h e  conclusion i s  reached t h a t  t h e  g e n e r a l  
c i r c u l a t i o n  on Mars i s  i n  a wave regime i n  the mean f o r  t h e  year .  This i s  
i n  agreement wi th  t h e  conclus ion  based upon the  thermal  Rossby number and t h e  
r o t a t i o n  parameter  approach. 

D 
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4 .  MEAN ZONAL AND MERIDIONAL W I N D  VELOCITIES OF GENERAL 
CIRCULATION AND MAXIMUM SURFACE W I N D  VELOCITY 

C i r c u l a t i o n  Est imates  Based upon Haurwitz 's  Model 

The model used below i n  t h e  computation of the mean zonal  and mer id iona l  
wind v e l o c i t y  on Mars i s  based on a general  t h e o r e t i c a l  model of t he rma l ly  
d r i v e n  l a r g e  s c a l e  motion on a r o t a t i n g  p l ane t .  I n  o r d e r  t o  use t h i s  model, 
one has t o  know t h e  d i f f e r e n c e  i n  t h e  r a t e  of temperature  change between t h e  
equa to r  and pole.  This can be obtained from t h e  annual r a d i a t i o n  budget. 
The most r e c e n t  a v a i l a b l e  annual r a d i a t i o n  budget f o r  Mars, a s  computed by 
Ohring e t  a l .  [20], g ives  t h e  t o t a l  d i f f e r e n c e  of t h e  r a t e  of hea t ing  pe r  
u n i t  a r e a  between t h e  equa to r  and pole: 

-1 - 2  
A[S(l - A) - W ]  = 0.04 c a l  min c m  

where A =  d i f f e r e n c e  of t he  q u a n t i t i e s  i n  t h e  b racke t s  between t h e  
equa to r  and pole.  

S = i n c i d e n t  s o l a r  r a d i a t i o n .  
W = outgoing long-wave r a d i a t i o n .  
A = p l a n e t a r y  albedo. 

By t h e  f i r s t  law of thermodynamics 

where GQ/dt i s  t h e  d i f f e r e n c e  i n  the  heati'ng r a t e  pe r  u n i t  mass between 
equa to r  and pole ,  and Ap i s  s u r f a c e  pressure.  The d i f f e r e n c e  i n  t h e  r a t e  of  
temperature  change between equa to r  and pole ,  a,  w i l l  be 

A[S( l  - A) 

P 

- W ]  
c . 4  

a = g  

With t h e  l a t e s t  f i n d i n g  of s u r f a c e  p re s su re  of Mars, Ap = 25 mb. L e t  c = 
0.239 c a l  g'l deg-1 and g = 380 c m  sec-2.  Then P 

- 5  -1 
Q: = 4.2 x 10 K sec . 
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If t h e  r a d i a t i o n  budget of Mintz 's  [2 ]  model i s  used, then A[S( l -A)  - W] = 
0.023 c a l  min-l  cm-2, which i s  about 60% of Ohring and a l . ' s  v a l u e ,  
d i f f e r e n c e  i s  due t o  d i f f e r e n t  assumptions i n  t he  e s t i m a t i o n  of t he  Mart ian 

. 
The 

I r a d i a t i o n  budget. The corresponding a w i l l  be a l s o  reduced t o  

a = 2 . 4 3  x 1 0 e 5 K  s e c - l .  

Both these values  w i l l  be used t o  compute t h e  mean wind v e l o c i t i e s  f o r  Mars. 

The d i f f e r e n t i a l  s o l a r  h e a t i n g  r a t e ,  a s  expressed by t h e  d i f f e r e n c e  i n  

The e f f e c t  of r o t a t i o n  of t h e  p l a n e t  
t h e  r a t e  of temperature change between equa to r  and po le ,  w i l l  d r i v e  a d i r e c t  
c i r c u l a t i o n  between equa to r  and pole.  
i s  d e f l e c t i o n  of t he  motion so t h a t  t h e  mer id iona l  v e l o c i t y  component i s  
reduced, while a l a r g e r  zonal  v e l o c i t y  component develops,  
i n p u t  of s o l a r  energy i n t o  the system, d i s s i p a t i v e  processes  such a s  f r i c t i o n  
have t o  be considered i n  t h e  model so t h a t  t he  mean motion can approach a 
s t e a d y  s t a t e  a sympto t i ca l ly .  Taking a l l  t hese  important  f a c t o r s  i n t o  con- 
s i d e r a t i o n ,  Haurwitz [21] developed a simple model f o r  a thermally d r i v e n  
c i r c u l a t i o n  f o r  a gene ra l ,  r o t a t i n g  f l u i d  system. 

For a continuous 

~ 

The s t eady  s t a t e  s o l u t i o n s  f o r  mean mer id iona l  and zonal  wind ,  a s  
approached a sympto t i ca l ly ,  a r e  

n 

kL 

r e s p e c t i v e l y ,  where 

= p r e s s u r e  a t  t h e  s u r f a c e  and top  o f  t h e  c i r c u l a t i o n  
system r e s p e c t i v e l y .  

a =  d i f f e r e n c e  of t h e  r a t e  of change of temperature  between 
t h e  equa to r  and pole .  

R =  gas c o n s t a n t  of t h e  atmosphere o f  p l a n e t .  
k = c o e f f i c i e n t  of f r i c t i o n .  
f = C o r i o l i s  parameter.  

P 0 , P l  

The most important f a c t o r  i n  t h e  s o l u t i o n  of t h e  mean wind v e l o c i t i e s  
i s  the  quan t i ty ,  a, i . e . ,  t h e  d i f f e r e n c e  o f  r a t e  change of temperature  be- 
tween equator and pole,  caused by d i f f e r e n t i a l  h e a t i n g ,  which may be consid- 
e red  a s  t h e  energy source of t h e  motion o f  t h e  atmosphere. I n  t h i s  model of 

26 



t h e  gene ra l  c i r c u l a t i o n ,  t h e  c o e f f i c i e n t  of f r i c t i o n  i s  a l s o  very important  
and t h e  r e s u l t  i s  q u i t e  s e n s i t i v e  t o  the value of t he  c o e f f i c i e n t  o f  f r i c t i o n .  
The numberical  r e s u l t s  a r e  ob ta ined  and compared wi th  t h e  obse rva t ions  on 
e a r t h  i n  t h e  fol lowing paragraphs.  

Now, l e t  us assume a s u r f a c e  p re s su re  25 mb, i n  agreement with r e c e n t  
obse rva t ions ,  and assume t h e  c i r c u l a t i o n  can r each  t h e  l e v e l  corresponding 
t o  t h e  l e v e l  a t  t h e  top  of s even ty - f ive  per c e n t  of t h e  atmosphere, i . e . ,  
6.25 mb (See Sec t ion  5 ) ,  t hen  

PO 

P 1  
Rn - = Rn 4 = 1.386 . 

The c o e f f i c i e n t  of f r i c t i o n  i n  the  Martian atmosphere i s  probably l e s s  
than i n  t h e  e a r t h ' s  atmosphere because of t h e  lower Mart ian atmospheric 
d e n s i t i e s .  We s h a l l  assume a va lue  of k equal  t o  one h a l f  of t he  va lue  used 
by Haurwitz [21] f o r  t he  e a r t h ' s  atmosphere. With k = 5 x s e c - 1  and 
a = 4.2 x 10-5K sec- 1 , 

ry -1 -1 V = 1.5 m s e c  and U =  30.0 m s e c  . 

Computations have a l s o  been performed f o r  s u r f a c e  p re s su res  of 85 mb and 
wi th  Mintz 's  [2] r a d i a t i o n  budget. I n  Table 3, t h e  t h e o r e t i c a l  c a l c u l a t i o n s  
a r e  compared wi th  each o t h e r ,  w i th  observed Mart ian v e l o c i t i e s ,  and w i t h  
t h e o r e t i c a l  and observed va lues  f o r  t h e  e a r t h .  

I t  i s  seen t h a t  t h e  computed values  of v e l o c i t y  f o r  e a r t h  a r e  reasonably 
w e l l  i n  agreement wi th  obse rva t ion .  The computed va lues  f o r  Mars i n  t h e  25 
mb c a s e  i n d i c a t e  t h a t  t he  average zonal  wind v e l o c i t i e s  on Mars a r e  about  
t h r e e  t o  f o u r  t imes a s  h i g h  a s  t h e  computed zonal  wind v e l o c i t y  on e a r t h ;  
and t h a t  t h e  average mer id iona l  wind v e l o c i t i e s  on Mars a r e  about t h e  same a s  
t h e  computed average mer id iona l  wind v e l o c i t y  on e a r t h .  
t h e  computed zona l  wind v e l o c i t i e s  a r e  almost twice those of t h e  e a r t h .  

I n  t h e  85 mb case,  

It i s  a l s o  seen  i n  Table 3 t h a t  the computed average wind v e l o c i t i e s  f o r  
Mars a r e  l a r g e r  t han  t h e  observed average speed o f  moving yel low cloud systems. 
I f  t h e  yel low clouds a r e  m a n i f e s t a t i o n s  of atmospheric v o r t i c e s ,  t hey  w i l l  
move a t  a speed lower than  t h e  average speed of t h e  c u r r e n t  i n  which they  a r e  
imbedded. Therefore ,  t h e  observed average v e l o c i t y  of t h e  yel low clouds i s  
n o t  r e p r e s e n t a t i v e  of t h e  average v e l o c i t y  of t h e  atmosphere. 

That t h e  computed average wind speeds on Mars a r e  h ighe r  t han  thosecom- 

(1) A l a r g e r  d i f f e r e n c e  i n  r a d i a t i o n a l  temperature  change between 
puted f o r  t h e  e a r t h  may be a t t r i b u t e d  to:  

e q u a t o r  and pole  on Mars than  on ea r th .  
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(2) A s m a l l e r  d i s s i p a t i o n  of k i n e t i c  energy by f r i c t i o n  on Mars than  
,on e a r t h .  

Both of t h e s e  circumstances a r e  i n d i r e c t l y  due t o  the  f a c t  t h a t  t he  Mart ian 
s u r f a c e  p r e s s u r e  i s  lower than t h e  e a r t h ' s .  

The computed Martian winds a r e  h ighe r  i n  t h e  25 mb case  than i n  t h e  85 mb 
case.  With lower p re s su res  - hence, lower masses - t h e  r a d i a t i o n a l  h e a t i n g  
r a t e s  pe r  u n i t  mass a r e  inc reased ,  r e s u l t i n g  i n  a g r e a t e r  l a t i t u d i n a l  d i f f e r -  
ence of r a t e s  of atmospheric temperature change. This l e a d s  t o  h i g h e r  velo-  
c i t i e s .  

The Est imat ion of Maximum Surface Wind on Mars 

The maximum s u r f a c e  wind speed, such as i n  a storm, must be l a r g e r  than 
t h e s e  mean va lues .  The s t r o n g e s t  s u r f a c e  wind v e l o c i t i e s  i n  t h e  t e r r e s t r i a l  
atmosphere a r e  found i n  tornadoes and typhoons o r  h u r r i c a n e s .  The maximum 
s u r f a c e  wind v e l o c i t y  on Mars would a l s o  be found i n  t h e  corresponding vo r t ex ,  
i f  t h e r e  a r e  such dynamic phenomena on t h e  p l ane t .  (Undoubtedly, on Mars, 
t h e s e  would be d ry  h u r r i c a n e s ,  tornadoes,  e t c . ) .  A formula f o r  t he  maximum 
s u r f a c e  wind v e l o c i t y  f o r  a convect ive vortex,  such a s  a t r o p i c a l  storm, was 
de r ived  by Kuo [24]. 

1 /2  

v max. 

where Vmax. = maximum t a n g e n t i a l  v e l o c i t y .  
7 = t h e  r a t i o  of s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  t o  t h a t  

a t  c o n s t a n t  volume = Cp/Cv. 
R = gas cons t an t  f o r  t h e  atmosphere. 

Pc = s u r f a c e  p re s su re  a t  c e n t e r  of t h e  v o r t e x  ( c e n t r a l  p r e s s u r e )  
Po = s u r f a c e  p r e s s u r e  a t  a d i s t a n c e  where t h e  wind v e l o c i t i e s  

a r e  n i l  (surrounding p r e s s u r e ) .  
K = Poisson constant-  (Cp-cV)/cp. 

To = s u r f a c e  temperature.  

I n  the  c a s e  o f  a t e r r e s t r i a l  typhoon o r  h u r r i c a n e ,  t h e  lowest s u r f a c e  
c e n t r a l  p re s su re ,  Pc, i s  about  950 mb and t h e  surrounding s u r f a c e  p r e s s u r e  Po 
i s  1000 mb. With a sea s u r f a c e  temperature, To, of 290K t h e  computed maximum 
v e l o c i t y  i s  93.7  m sec-1,  which i s  comparable t o  t h e  observed wind speed i n  a 
hu r r i cane .  
i s  about 280K. The c e n t r a l  p r e s s u r e  o f  a v o r t e x  corresponding t o  a t r o p i c a l  
s torm has n o t  been determined. However, a d i s t u r b a n c e  of s u r f a c e  p r e s s u r e  i n  
a range o f  2 to  3 mb i n  t h e  e q u a t o r i a l  area of Mars may be poss ib l e .  I f  t h i s  
c e n t r a l  p r e s s u r e  i s  2 mb lower than t h e  surrounding s u r f a c e  p re s su re  (Po= 
25 mb) ,  t h e  corresponding maximum su r face  wind v e l o c i t y  i n  t h e  v o r t e x  i s  

On Mars, t h e  average s u r f a c e  temperature  i n  the  e q u a t o r i a l  a r e a  
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a pp rox  ima t e l y  

-1 V = 114 m s e c  . max . 

For  Pc = 3 mb, V i s  approximately max. 

-1 
= 140 m s e c  . max. V 

Both wind speeds a r e  l a r g e r  than  t h e  maximum wind speed i n  hu r r i canes  on 
e a r t h .  I n  the  governing equa t ion  f o r  t h e  maximum v e l o c i t y ,  t h e  dominating 
f a c t o r  i s  t h e  r a t i o  of t h e  c e n t r a l  p re s su re  t o  the  sur rounding  p res su re .  
S ince  the  l a t e s t  e s t i m a t e  of s u r f a c e  p re s su re  on Mars i s  about  25 mb, a 
s l i g h t  d i s turbance  w i l l  c r e a t e  a s eve re  storm. 
mb on Mars leads  t o t h e  same maximum wind a s  a c e n t r a l  p r e s s u r e  o f  950 mb on 
e a r t h .  Whether p re s su re  drops of 1.25 t o  3 a c t u a l l y  occur  on Mars i s  unknown. 

A c e n t r a l  p re s su re  of 23.75 

The observed l a r g e  d i u r n a l  v a r i a t i o n  of  s u r f a c e  temperature  on Mars a r e  
i n d i c a t i v e  of  s t r o n g  h e a t i n g  o f  t he  s u r f a c e  dur ing  t h e  daytime. Under such 
condi t ions  o f  s t r o n g  s u r f a c e  hea t ing ,  s t r o n g  convec t ive  phenomena may t ake  
p lace .  Observations of  ye l low clouds ex tending  t o  h e i g h t s  o f  10 km and 
h i g h e r  a r e  sugges t ive  o f  d e e p  convec t ive  s torms.  P res su re  drops o f  1 t o  3 mb 
i n  such storms a r e  n o t  inconce ivable .  

L e t  us  a t t a c k  t h e  problem of  e s t i m a t i n g  t h e  maximum s u r f a c e  wind on Mars 
from a s l i g h t l y  d i f f e r e n t  approach. The g r a d i e n t  wind  formula r e l a t e s  t h e  wind 
speed t o  the  p re s su re  g r a d i e n t  i n  a cyclone. Some of  t h e  ye l low cloud systems 
d i scussed  i n  Sec t ion  1 a r e  sugges t ive  of t r o p i c a l  cyc lones .  The ye l low cloud 
system observed on 11 October 1911 had a r a d i u s  o f  500 km. I f  we assume a 
v a l u e  f o r  t he  p re s su re  drop ( o r  g r a d i e n t )  i n  t h i s  c loud system, we can  use  t h e  
g r a d i e n t  wind formula t o  compute t h e  average wind v e l o c i t y .  We assume a pres-  
s u r e  drop of 3 mb, a s u r f a c e  atmospheric  d e n s i t y  of  5 x 
l a t i t u d e  of 1 5 O  f o r  t h e  l o c a t i o n  of  t h e  storm. The mean wind v e l o c i t y  from 
t h e  g r a d i e n t  wind formula i s  

g ~ m - ~ ,  and a 

- 
where V = mean wind v e l o c i t y .  

r = d i s t a n c e  from c e n t e r .  
= mean r a d i u s  = ro/2.  

ro = r ad ius  of  t h e  system. 
f = C o r i o l i s  parameter.  
p = dens i ty .  
P = pres su re .  
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I 
*With t h e  parameters assumed above 

-1 - 
V = 52 m s e c  . 

Since i t  may be assumed t h a t  the wind i n c r e a s e s  roughly a t  a l i n e a r  r a t e  
from zero a t  t h e  o u t s i d e  of t h e  storm t o  a maximum nea r  the r e n t e r ,  we may 
e s t i m a t e  the maximum wind t o  be double t h e  computed average wind, o r  104 m 
s e c - l .  
f o r  a 3-mb p r e s s u r e  drop e s t ima ted  with the maximum wind speed formula f o r  a 
convect ive vo r t ex .  

This i s  a reasonable  agreement with t h e  maximum wind of 140 m sec-1 
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5 .  THEORETICAL ESTIMATES OF THE PROFILE OF LARGE SCALE VERTICAL 
VELOCITY AND THE VERTICAL EXTENT OF CLOUDS ON MARS 

I n  t h i s  s e c t i o n ,  we would l i k e  t o  o b t a i n  some e s t i m a t e s  of the magnitudes 
and v a r i a t i o n  with a l t i t u d e  of t h e  v e r t i c a l  v e l o c i t i e s  a s s o c i a t e d  with Martian 
atmospheric waves. Knowledge of t h e  h e i g h t  v a r i a t i o n  of t h e  v e r t i c a l  v e l o c i t y  
w i l l  enable us to  e s t i m a t e  t h e  maximum v e r t i c a l  v e l o c i t y  and t h e  maximum 
h e i g h t s  t h a t  f r o n t a l  type clouds can reach.  

Since t h e  l a r g e  s c a l e  motion on Mars i s  g e n e r a l l y  quas i -geos t roph ic  i n  
n a t u r e  as discussed i n  Sec t ion  2, and, f u r t h e r ,  t he  atmosphere may be assumed 
q u a s i - s t a t i c ,  the v o r t i c i t y  and thermal equa t ion  f o r  an a d i a b a t i c  and f r i c -  
t i o n l e s s  atmospheric system (See, f o r  example, [251) can be app l i ed  t o  t h e  
Mart ian atmosphere and w r i t t e n  a s  

where 0 = gz. 

J = Jacobian.  

p = pressure.  

V2 = two-dimensional Laplacian.  

f = C o r i o l i s  parameter.  
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I 

9 .  d t  cu= 

t = t i m e .  

y = d i s t a n c e ,  with p o s i t i v e  d i r e c t i o n  toward north.  

Since w e  a r e  i n t e r e s t e d  i n  e s t ima t ing  the  p r o f i l e  of t he  v e r t i c a l  velo-  
c i t y  i n  a l a r g e  s c a l e  d i s tu rbance ,  a harmonic wave s o l u t i o n  f o r  0 ,  t h e  geo- 
p o t e n t i a l ,  may be assumed a s  fol lows:  

0 = C(p + b)y + B(p) exp [ i (klx + k2y - u t ) ]  (5.3) 

where a, 
c = - f b y '  
b = a cons t an t .  

kl,k2 = wave numbers i n  the  x- and y - d i r e c t i o n  r e s p e c t i v e l y .  

B = wave frequency. 

Following H a l t i n e r  and Martin [25] ,  we e l i m i n a t e  (a 2 0)@tad) f rom equa t ion  

(5.1) and (5.2) ,  s u b s t i t u t e  (5.3) f o r  0 ,  and use t h e  geos t roph ic  approximation 
t o  o b t a i n  

f 2  a2cu s -- + - m =  - 
k2 a p 2  

(5.4) 

2 2 2 where k = k l  + k2 . 
used h e r e  t o  determine t h e  v e r t i c a l  p r o f i l e  of a. 

This i s  a s i m p l i f i e d  "Omega equat ion" which w i l l  be 
Now l e t  

where Po i s  t h e  p r e s s u r e  assumed a t  s u r f a c e  l e v e l .  
c i t y  p r o f i l e  t o  be s i m i l a r  t o  t h a t  on ea r th .  

F u r t h e r  assume the  velo- 
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v = v0(O.4 - 2) 

where uo, vo = amplitude of t h e  zonal  and mer id iona l  v e l o c i t i e s .  This means 
t h a t  t h e  zonal v e l o c i t y  i n c r e a s e s  wi th  h e i g h t  from zero a t  s u r f a c e  t o  uo a t  
p = 0 and t h e  meridional  v e l o c i t y  i n c r e a s e s  with h e i g h t  from - 0 . 6 ~ 0  a t  t h e  
s u r f a c e  to  zero a t  0.4 Po and t o  0.4 vo a t  t he  top  of t h e  atmosphere. I f  0 
i s  assumed i n  phase with v i n  zonal  d i r e c t i o n ,  then Equation (5.4) can be 
w r i t t e n  as 

where 

2 
S 

2 Ds 
2 s ds 4 

2 
d w  1 d w  

d s  
- - - - -  'yU,=- (0 .4  - 

R2]  SIP, 
7 =  

f 2  

vo 
f G =  

2 2k Po uo vo 

f D =  

The right-hand s i d e  of Equation (5.5) may be w r i t t e n  a s  

2 4 ES - FS 

where povo 0.2 kL Po uo vo 

f - 4f E =  

kL Po uo vo 

8f F =  

I f  t he  boundary cond i t ions  f o r  t he  v e r t i c a l  v e l o c i t y ,  w, a r e  assumed 
= 0 a t  P = 0 and P = Po, t hen  t h e  complete s o l u t i o n  of Equation (5.5) i s  
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However, i n  g e n e r a l ,  f o r  medium o r  s h o r t  wave d i s t u r b a n c e s ,  t h e  l a s t  term i n  

s o l u t i o n  becomes 
Equation (5.5) can be neglected f o r ,  i n  these c a s e s ,  G i s  small .  Then, t he  

(5.7) 
D 4  D 2 s +2 ( 1  - 0.2y)s 1 

Y 
(0.3 + -) sI1 ( y % )  + 1 6 ~  D a =  - 

2Y 

For h o r i z o n t a l  wind v e l o c i t i e s  a t  t h e  top  of a wave d i s tu rbance  we assume 

-1 u = v  = 4 0 m s e c  . 
0 0 

Furthermore, we l e t  

- 4  -1 f = 10 s e c  . 
2 2 - 2  -1 R = 3 x 10 m sec day . 

I S 1  = 12 m2 mb-' s ec -2  deg-' . 
p = 10 g cm a t  su r f ace .  

p = 0.6 x g cm a t  600 mb. 

- 3  - 3  

- 3  

The computed p r o f i l e  of w i n  f r o n t  of a trough i n  the e a r t h ' s  atmosphere, 
u s ing  t h e  above v a l u e s ,  i s  shown i n  Figure 7.  w reaches a nega t ive  maximum 
nea r  650 mb, dec reases  t o  zero a t  about  250 mb, and reaches a p o s i t i v e  maxi- 
mum a t  about  80 mb. A nega t ive  va lue  of 0 corresponds t o  upward v e r t i c a l  
motion, a p o s i t i v e  t o  downward v e r t i c a l  motion. 
ve l o c i  t y  

The computed maximum v e r t i c a l  

w -1 
Pg 

w = - - = 1 . 7  cm s e c  . 

The computed v a l u e s  a r e  c l o s e  t o  those  observed i n  pre-trough s i t u a t i o n s  i n  
t h e  e a r t h ' s  atmosphere. 

I n  t h e  e a r t h ' s  atmosphere, c louds do n o t  u s u a l l y  extend above t h e  tropo- 
L e t  us  assume t h a t  t he  mean he igh t  of t h e  tropopause i s  a t  t h e  j e t  

The j e t  s t r eam l e v e l  i s  c h a r a c t e r i z e d  
pause. 
s t r eam level,  a reasonable  assumption. 
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. 
by a maximum of  h o r i z o n t a l  v e l o c i t y  divergence. 
u i t y ,  one can o b t a i n  t h e  r e s u l t  t h a t  ( a b ) / ( a p 2 )  = 0 a t  a l e v e l  of maximum 
v e l o c i t y  divergence. Thus, working i n  reverse ,  one can e s t i m a t e  t h e  h e i g h t  
of t h e  mean tropopause,  and, hence, t h e  mean maximum h e i g h t  of f r o n t a l  c louds ,  
from an e s t i m a t e  of t h e  h e i g h t  a t  which (a2W)/(ap2) = 0. From the  e a r t h ' s  
atmosphere computed p r o f i l e  we o b t a i n  (&)/(ap2) = 0 a t  about 350 mb, i n  
reasonable  agreement wi th  t h e  observed tropopause p re s su re  of 250 mb a t  middle 
l a t i t u d e s .  

From the  equa t ion  of con t in -  

For d i s tu rbances  on Mars, we may assume t h a t  

-1 u = v  Z 6 0 m s e c  , 
0 0 

IS1 = 90 m2 mb-I sece2 deg'l. 

L = 4000 km. 

p = 4 x g cm . - 3  

The r e s u l t s  a r e  shown i n  F igu re  8. 
mately 

The maximum v e r t i c a l  v e l o c i t y  i s  approxi- 

- 1  w = 12.8 c m  sec  

which i s  about  s i x  t imes l a r g e r  t han  t h a t  computed f o r  e a r t h .  
km s c a l e  h e i g h t  f o r  t h e  Mart ian atmosphere, (a2cO)/(ap2) = 0, and, hence t h e  
mean tropopause i s  a t  20 km. Thus, obse rva t ions  of Martian f r o n t a l  c louds a t  
a h e i g h t  of 30 km (See F igu re  5 i n  S e c t i o n  1) above the  s u r f a c e  i n  lower 
l a t i t u d e s ,  where one expects  a h i g h e r  t han  average tropopause,  a r e  probably 
c o r r e c t .  I f  f r o n t a l  clouds can reach 30 km, t h e  convect ive clouds on Mars 
can probably r each  g r e a t e r  a l t i t u d e s .  

Based on a 20 

The h e i g h t  of t h e  Mart ian tropopause computed on t h e  b a s i s  o f  t h e  dynam- 
i c a l  c o n s i d e r a t i o n s  d i scussed  above should be compared wi th  e s t i m a t e s  of t he  
h e i g h t  o f  t h e  Mart ian tropopause ob ta ined  from o t h e r  c o n s i d e r a t i o n s .  
mates o f  Mart ian tropopause h e i g h t  based upon a t h e o r e t i c a l  c a l c u l a t i o n  of t h e  
v e r t i c a l  d i s t r i b u t i c n  of Martian temperature y i e l d  a va lue  of 9 km 1261. 
However, t h e  computed temperature  p r o f i l e  126 1 sugges t s  t h a t  t h e  Martian 
t e m p e r a t u r e s s t i l l  dec rease  wi th  h e i g h t  above t h e  tropopause,  a l b e i t  a t  a r a t e  
l e s s  t han  i n  t h e  Mart ian t roposphere.  
a c t u a l l y  i n c r e a s e  wi th  h e i g h t  above t h e  tropopause. These d i f f e r e n c e s  i n  
v e r t i c a l  temperature  s t r u c t u r e  suggest  t h a t  t h e  Mart ian s t r a t o s p h e r e  may n o t  
have a s  s t r o n g  a damping e f f e c t  on v e r t i c a l  motions a s  t h e  e a r t h ' s  s t r a t o -  
sphere.  Hence, dynamical systems may extend w e l l  above t h e  tropopause l e v e l  
a s  de f ined  by t h e  v e r t i c a l  temperature d i s t r i b u t i o n .  This may e x p l a i n  t h e  
d i f f e r e n c e  between t h e  h e i g h t s  of t h e  computed dynamic tropopause and t h e  
h e i g h t  computed by Ohring [26]. 

E s t i -  

I n  t h e  e a r t h ' s  atmosphere, temperatures  
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I . 
6. CONCLUSIONS 

Analysis  and i n t e r p r e t a t i o n  of some Martian cloud obse rva t ions  l eads  t o  
c e r t a i n  i n f e r e n c e s  about  Mart ian c i r c u l a t i o n  c h a r a c t e r i s t i c s .  
d u s t  cloud systems t o  form a t  low l a t i t u d e s  of t h e  w i n t e r  hemisphere i s  noted. 
The t r a j e c t o r i e s  of t h e s e  cloud systems suggest t h e  presence of a wave type 
c i r c u l a t i o n  regime, upper l e v e l  meridional  flow a t  e q u a t o r i a l  l a t i t u d e s ,  and 
s u b t r o p i c a l  h igh  p r e s s u r e  a r e a s  i n  t h e  Martian atmosphere. Some obse rva t ions  
of t h e  v e r t i c a l  development of clouds suggest t h e  p o s s i b i l i t y  of f r o n t s  i n  
t h e  e q u a t o r i a l  regions of Mars. 

A tendency f o r  

Two t h e o r e t i c a l  c r i t e r i a  a r e  used t o  determine whether t h e  Mart ian atmos- 
p h e r i c  c i r c u l a t i o n  i s  of t h e  wave type o r  of t h e  symmetrical  type. The 
a p p l i c a t i o n  of t h e  thermal Rossby number t o  the  Mart ian atmosphere sugges t s  a 
wave type c i r c u l a t i o n  regime. 
a p p r o p r i a t e  v a l u e  of t h e  dynamic c o e f f i c i e n t  of eddy v i s c o s i t y ,  a l s o  p r e d i c t s  
a wave type regime. 

The use o f  Mintz's [ 2 ]  c r i t e r i o n ,  w i th  an  

Based on Haurwitz 's  [ 2 1 ]  c i r c u l a t i o n  model, t h e  average zonal  and merid- 
i o n a l  winds a r e  computed t o  be about 25 m sec" and i . 3  m s e c - l ,  r e s p e c t i v e l y ,  
f o r  a s u r f a c e  p r e s s u r e  of 25 mb; and about 15 m sec- 
s u r f a c e  p r e s s u r e  of 85 mb. These va lues  a r e  h i g h e r  than t h e  average winds i n  
t h e  e a r t h ' s  atmosphere. 

and 0.7 m sec-1 f o r  a 

T h e o r e t i c a l  e s t i m a t e s  of t h e  maximum s u r f a c e  winds on Mars sugges t  a 
va lue  of more than  100 m s e c - l .  The e s t ima tes  a r e  based upon Kuo's [ 2 4 ]  
theory f o r  t h e  maximum wind i n  a convect ive v o r t e x ,  and a n  a p p l i c a t i o n  of t h e  
g r a d i e n t  wind equa t ion  t o  a cloud system - assumed t o  r e p r e s e n t  a storm - 
on Mars. 

From a s i m p l i f i e d  form of t h e  1 1 ~ ' 1  equation, t h e o r e t i c a l  e s t i m a t e s  of t h e  
v e r t i c a l  v e l o c i t y  p r o f i l e  i n  a Martian atmospheric wave a r e  ob ta ined .  
c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  maximum la rge  s c a l e  v e r t i c a l  v e l o c i t y  of a 
d i s t u r b a n c e  i n  a b a r o c l i n i c  atmosphere i s  about 13 cm s e c - l .  The mean tropo- 
pause h e i g h t  - i.e., a "dynamic" tropopause based upon t h e  v e r t i c a l  v e l o c i t y  
computations r a t h e r  t han  a " r a d i a t i v e "  tropopause based upon t h e  v e r t i c a l  
temperature  s t r u c t u r e  - i s  about 20 km, i n  agreement wi th  obse rva t ions  of 
t h e  h e i g h t s  of f r o n t a l  type cloud tops.  

These 
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